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Genetic contribution of three introduced life
history forms of sockeye salmon to colonization
of Frazer Lake, Alaska

Carl V. Burger, Kim T. Scribner, William J. Spearman, Charles O. Swanton, and
Donald E. Campton

Abstract: Colonization of Frazer Lake (Kodiak Island, Alaska) by sockeye saln@mc¢rhynchus nerRarepresents a

rare, successful introduction of this species into a new environment. Eggs, fry, and adults were introduced repeatedly
into Frazer Lake from 1951 to 1971. Donors originated from three source populations, each with different life histories:
late-runlake shorelinespawners (Karluk Lake), early-runlet tributary spawners (Red Lake), and late-rlake outlet
spawners (Ruth Lake). We used six nuclear DNA (nDNA) microsatellite loci and mitochondrial DNA (mtDNA)-to de
termine which donor population(s) had colonized the principal spawning habitats of Frazer Lake: three shoreline areas
and four inlet tributaries. Based on nDNA comparisons, two shoreline-spawning populations were most similar to the
shoreline donor, and the four tributary-spawning populations were most similar to the tributary donor. However, five of
the seven Frazer Lake populations appeared to be influenced genetically by more than one donor. Genetic distances
based on mtDNA were independent of life histories with high (relative to nDNA) interpopulation variation, suggesting
significant female founder effects and poststocking drift. Our data suggest that life history adaptations of doner popula
tions were critically important for successful colonization of Frazer Lake, thus underscoring the need to consider life
history traits in other introduction and recovery programs.

Résumé: La colonisation du lac Frazer (ile Kodiak, Alaska) par le Saumon ro@gelforhynchus nerRaest une des

rares introductions réussies de cette espece a un nouveau milieu. Des oeufs, des alevins et des adultes ont été intro-
duits a plusieurs reprises de 1951 a 1971. Les donneurs provenaient de trois populations-souches, chacune possédant
une démographie particuliere: des poissons a montaison tardive qui fraient prés des rives du lac (lac Karluk), des pois-
sons a montaison précoce qui fraient dans les tributaires (lac Red) et des poissons a montaison tardive qui fraient dans
I'émissaire (lac Ruth). L'étude de six locus microsatellites d’ADN nucléaire (ADNn) et d’ADN mitochondrial

(ADNmt) a permis de déterminer quelles populations-souches avaient colonisé les principales frayéres du lac Frazer,
trois zones de rivage et quatre tributaires. D’aprés la comparaison des ADNn, deux les populations des frayeres de ri
vage étaient plus semblables au donneur frayant sur les rives et quatre des populations des frayeres dans les tributaires
ressemblaient plus au donneur frayant dans les tributaires. Cependant, cinq des sept populations du lac Frazer sem
blaient étre affectées génétiquement par plus d’'un donneur. Les distances génétiques basées sur 'TADNmt étaient indé
pendantes des caractéristigues démographiques et elles affichaient une forte variabilité (par comparaison a '’ADNn)
d’'une population a l'autre, ce qui suggére d’'importants effets du fondateur femelle et une dérive aprés
I'empoissonnement. Ces résultats indiquent que les adaptations démographiques des populations des donneurs ont été
des facteurs critiques du succes de la colonisation au lac Frazer, ce qui souligne la nécessité de tenir compte des carac
téristiques démographiques lors de programmes de colonisation et de récupération.
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Introduction Genetic adaptations appear to be closely associated with
the life history diversity of sockeye salmon. In both field and

Introductions and transplants of salmonid fishes have beelgPoratory studies, lake outlet spawning adults produce-prog
extensive during the previous century. A common goal of€"Y that actively swim upstream against water currents,
such programs has been the establishment of self-sustaininghereas progeny of inlet tributary spawners passively move
naturally spawning populations to create new fisheries, redownstream, behaviors that appear to be genetically based
verse declines, or enhance harvest opportunities in modifiegdaptations for fry to reach nursery lakes (Raleigh 1967;
watersheds. Transplants of anadromous and nonanadromdggnnon 1972). Similarly, differences in spawning times and
salmonids have often resulted in new, self-sustaining pepuldocations between early- and late-run sockeye adults also ap
tions in locales where the introduced species was historicallp€@r to reflect genetically based life history adaptations
absent (Krueger and May 1991; Quinn et al. 1998). How Wilmot and _Burger 1985;_ Burger et a_tl. 1997). Thus, tempo
ever, introductions of anadromous salmonidthin their na '@l and spatial reproductive adaptations of adults have re
tive geographic ranges have often been unsuccessful gylre_o! correspondmg_adaptatlons |n.Juven|Ie behavior. The
achieving intended goals (Withler 1982). Reasons underlySPecific habitat requirements of different seasonal runs
ing introduction failures are not well documented but may(Varnavskaya et al. 1994), coupled with precise migration
be related to biological incompatibilities between the life @d spawning times synchronized with home-stream thermal
history adaptations of the donor populations and the- gec’®gimes (Brannon 1987; Burger et al. 1995, 1997), may be
graphic, hydrologic, or ecological characteristics of recipientddditional factors why many introduction efforts have failed
environments (Allendorf and Waples 1996). to produce self-perpetuating runs of anadromous sockeye

Among Pacific salmonids, there have been numerous aS@/Mmon. Genetic and phenotypic variation, even over ricro
tempts to introduce sockeye salmo@ncorhynchus nerfa 9€0draphic scales (e.g., single drainages), can provide in
and its nonanadromous life history form (kokanee) into news'9Nts for matching donor populations with environmental
environments (Withler 1982; Wood 1995). However, in con '€9imes of recipient habitats.
trast with kokanee, almost all attempts to establish intro- Phylogeographic characterizations based on molecular
duced, self-sustaining populations of the anadromous forr@nd biochemical markers have been useful in addressing
have failed (Wood 1995). Most introductions of sockeyeduestions of population structure and ancestral origin of Pacific
salmon occurred prior to an understanding of the geneticallpalmonids. Analytical approaches have relied on protein-
based life history and ecological adaptations of anadromougoding allozyme loci (Wilmot and Burger 1985; Wood et al.
populations. As a result, introduced sockeye salmon have ed994), mitochondrial DNA (mtDNA) (Bickham et al. 1995),
tablished self-sustaining populations in only three drainage8r & combination of techniques (Burger et al. 1997; Allendorf
in western North America: Lake Washington in Washingtonand Seeb 2000) to describe population structure. More re-
State, the Upper Adams River in British Columbia, andcently, nuclear DNA (nDNA) markers at microsatellite loci
Frazer Lake on Kodiak Island in Alaska (Wood 1995), all (Scribner et al. 1996, 1998) have been used. Several investi-
within the species’ native range. Introductions into Lakegators have addressed ancestral origins of introduced salmonid
Washington are not well understood because detailed record®pulations with molecular genetic markers (Hendry et al.
are lacking, but at least two donor populations are known tdl996; Quinn et al. 1996). Results of such studies often em
have been used, one of which appears to have made detephasize the importance of temporal and spatial life history
able genetic contributions to natural populations (see Hendrittributes as variables affecting the degree of reproductive
et al. 1996). Introductions of sockeye salmon into the Uppetsolation and, concomitantly, population genetic structure.
Adams River (Williams 1987) and into Frazer Lake (Black Effective management of Pacific salmon relies on knowledge
ett 1979) also involved multiple donor populations, suggestof how genetic variation is partitioned within and among
ing that a breadth of genetic and phenotypic diversity maypopulations and of the relative importance of ecological factors
be necessary for successful colonization via artificial transto interpopulation levels of genetic variation. Such informa
plants. However, the relative genetic contributions of multipletion may be critical to the success of salmonid reintreduc
donor populations to a single lake—river system, includingtion and restoration strategies.
the factors responsible for successful colonization, are largely We describe the genetic contribution of three donor popu
unknown. lations to introduced, self-sustaining populations of sockeye

Sockeye salmon are distinguished from other species afalmon in Frazer Lake. Frazer Lake was historically barren
Pacific salmon by the use of lakes as nursery areas for pref anadromous fishes because of an impassable waterfall in
smolt juveniles prior to seaward outmigration and by the exits outlet river. Beginning in 1951 and continuing through
istence of multiple seasonal forms (distinct life history 1971, sockeye salmon from three geographically discrete do
patterns) that frequently co-occur within a single lake—rivernor populations, each with different life history adaptations,
system. For example, “early-run” adults typically spawn inwere introduced into Frazer Lake: early-run inlet tributary
lake inlet tributaries during summer, whereas “late-run”spawners, late-run lake shoreline spawners, and late-run lake
adults typically spawn along lake shorelines and in outleutlet spawners. A fishway was constructed around the out
rivers during fall (Burgner 1991; Burger et al. 1995). Theselet waterfall (1962) to let naturally returning adults reenter
life history patterns are common throughout the native-geothe lake. We used nDNA markers at six microsatellite loci
graphic range of sockeye salmon, which extends from thend mtDNA to compare allele and haplotype frequencies,
Snake and Salmon rivers in Idaho to northern Japan and irrespectively, of contemporary sockeye salmon spawners in
cludes most lake—river systems in Alaska, British Columbiathree shoreline areas and four inlet tributaries of Frazer Lake
and eastern Russia (Burgner 1991). with those of the three donor populations. Our goal was to
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Fig. 1. Geographic locations of three donor populations used to introduce sockeye salmon into Frazer Lake on Kodiak Island, Alaska,
1951-1971. The three donor sources represented a shoreline-spawning population from Karluk Lake (D1), inlet tributary spawners from
Red Lake (D2), and a lake outlet spawning population from Ruth Lake (D3).
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identify the donor population(s) that contributed geneticallyto late August (Eaton 1968). The lake outlet (Dog Salmon River)
to contemporary Frazer Lake production. Also, we wantedlows southwest about 14 km into Olga Bay.

to determine whether donors founded recipient populations Post-Pleistocene colonization of Frazer Lake by anadromous
in Frazer Lake habitats consistent with donor life historysalmonids was precluded historically by a 10-m-high waterfall
type. Our null hypotheses were tha} & single, panmictic ~about 0.8 km downstream of the lake outlet. Resident rainbow
population of sockeye salmon currently spawns in the Frazefout (Oncorhynchus mykiksDolly Varden Salvelinus maima
Lake watershed andi) the three donor populations made threespine sticklebackGasterosteus aculeatysand coastrange

. o —— culpin Cottus aleuticus were the only fish species observed in
equal or randqm genetlc_cont'rlbutlons to shoreline an(fhe lake during historic surveys; pinlOfcorhynchus gorbuscha
tributary-gpawning populations in Frazer Lake.

and chum salmonGncorhynchus ke)awere the only salmon spe
cies present in the Dog Salmon River below the falls prior to
sockeye introduction (Blackett 1979). A fishpass was installed at

Materials and methods the falls in 1962 (see Blackett 1979) to allow sockeye salmon ac
cess to Frazer Lake and to enumerate returning adults. A second
Study site and historical perspective fishpass was installed in 1979 to aid growing numbers of returning

Frazer Lake (57°IB, 154°8W) is located on the southwest adults (Kyle et al. 1988).
end of Kodiak Island, Alaska (Fig. 1), within the boundaries of the Sockeye salmon were first introduced into Frazer Lake in 1951
Kodiak National Wildlife Refuge. The lake is approximately 14 km after limnological evaluations indicated suitable spawning and-nurs
long and 1.6 km wide and has a surface area of 16.6d&md max ery conditions for this species. Introductions continued through
imum and mean depths of 59 and 32.2 m, respectively (Russell971 (see Blackett 1979). Three separate donor populations of
1972; Kyle et al. 1988). Water temperatures range from about 6 té\laskan sockeye salmon, each characterized by different life his
14°C during the spring and summer months, with the peak in midtory attributes, were introduced:)(a late-run lake shoreline
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Table 1. Summary of sockeye salmon donor plants (by life stage), donor sources, and resulting sockeye escapements to Frazer Lake,
Alaska, 1951 to modern time.

Number of donors and life stage Donor Annual

Year Adults Fry Eggs Source Areas planted in Frazer Lake escapemeft

1951 200 000 D1 Stumble Creek

1952 313 000 D1 Linda Creek

1953 1092 000 D1 Pinnell, Westside, Linda, Midway creeks

1954 541 000 D1 Linda Creek

1955 320 000 D1 Linda, Stumble creeks

1956 504 000 D2 Linda, Stumble creeks 6

1957 165

1958 42 D2 Midway Creek 71

1959 62

1960 440

1961 600 87 000 D2 Lake (adults, fry) 273

1962 1839 D2 Lake 1290

1963 9 500 D2 Lake 2 357

1964 1 800 D2 Lake 8 166

1965 4 000 830 000 D2 Lake (adults); tributaries (eggs) 5074

1966 4728 504 300 600 000 D2 Lake (adults, fry); Stumble Creek (eggs) 11728

1967 7 334 1190 000 D2 Lake (adults); Midway, Pinnell, Linda 14 500
creeks (eggs)

1968 30 311 000 3387 000 D2 Lake (adults, fry); Midway, Pinnell, Linda 16 708
creeks (eggs)

1969 60 D2 Lake

1969 599 760 1963 000 D3 Lake (fry); Midway, Linda creeks (eggs) 13981

1970 945 000 D2 Pinnell Creek 24 039

1971 527 000 D2 Pinnell Creek 55 356

1990s ~200 000

Note: Data from Eaton (1968), Gwartney (1969), Russell (1972), Blackett (1979), and Swanton (1992). Karluk Lake donors (D1) were late-run
shoreline spawners, Red Lake donors (D2) were early-run inlet tributary spawners, and Ruth Lake donors (D3) were late-run lake outlet spawners.
#Prior to fishpass construction, returning adults were backpacked over a waterfall for release into Frazer Lake (1956-1961).

spawning population from Karluk Lake (5722 154°2W) on able on the allocation of specific source populations and life his
Kodiak Island, {i) an early-run inlet tributary spawning population tory stages to Frazer Lake habitats during their 20 years of-intro
from Red Lake (57°1™, 154°17W) on Kodiak Island, andii{) a duction (see information sources provided in Table 1).
late-run lake outlet spawning population from Ruth Lake (5734 Colonization and establishment of naturally spawning popula
156°7W) located in the Becharof Lake drainage of Bristol Bay tions in Frazer Lake progressed rapidly after sockeye salmon were
(Fig. 1). These three source populations are referred to as D1, DZntroduced. Adults first returned to Frazer Lake in 1996 6),
and D3, respectively. with postharvest annual escapements steadily increasing te thou
Sockeye salmon representing a variety of life history stagesands of potential spawners by the late 1960s (Table 1). Prior to
were released or transplanted repeatedly into several different loc&onstruction of the first fishpass, returning adults were transported
tions within Frazer Lake over the introduction period (Table 1).above the falls in backpacks (Blackett 1979). By the 1980s, mean
The D1 donors consisted of fertilized eggs from adults spawningannual escapements had increased to over 256 000 adults and
along the Karluk Lake shoreline just east of an area known apeaked at nearly 486 000 fish in 1985 (Kyle et al. 1988). Contem
O’Malley Beach, the D2 donors consisted of eggs, fry, and adultorary escapements (1990s) have averaged about 200 000 adults
from Connecticut Creek, an inlet tributary flowing into the nerth annually, from a total run size (including harvest) of nearly 1-mil
east corner of Red Lake, and the D3 donors comprised eggs ardi®n fish in some years (Swanton 1992). Based on a 1964 survey,
cultured fry from adults trapped in the middle reaches of the riverFrazer Lake tributaries (Stumble, Linda, and Pinnell creeks; Fig. 2)
draining Ruth Lake (historical details about donor capture sites obwere among the first habitats colonized by sockeye salmon
tained from R. Blackett, P.O. Box 593, Kodiak, AK 99615, U.S.A, (Meehan et al. 1965). Spawning in shoreline areas was first-docu
personal communication). Eggs were planted into mechanicallynented in 1966 (247 spawners) with an increase through 1970
prepared redds in Frazer Lake tributaries, whereas most fry an@Gwartney 1969; Russell 1972). Aerial surveys conducted in 1987
adults were released directly into the lake. These latter transplangstimated several thousand sockeye in shoreline-spawning areas
often occurred near the mouth of Pinnell Creek (Fig. 2), usuallyfrom mid- to late August through the last week of September
from the pontoons of a fixed-wing floatplane. Cultured fry from (Barrett 1989). Thus, existing records for Frazer Lake provide
D3 (1969 only) were released into northern areas of the lake fronyaluable insights into colonization success.
floating plastic bags. In the final two years of introduction (1970 The upstream migration and spawning times of the three donor
and 1971), cultured fry from D2 were released upstream in Pinnelpopulations (Blackett 1979; Gard et al. 1987) are within the ranges
Creek from a helicopter. Thus, the origins and spawning locationgypical for sockeye salmon in south-central Alaska (Burger et al.
of the ancestral donors are well known, and much detail is -avail 1995). Early-run inlet tributary sockeye return from about mid-
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Fig. 2. Map of Frazer Lake drainage on Kodiak Island, Alaska, showing the inlet tributary streams (T1-T4) and shoreline spawning ar
eas (S1-S3) from which sockeye salmon were sampled for genetic analyses.
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June through July and spawn from mid-July through mid-August.T4) (Fig. 2). The 4-8 August sampling period was chosen because
In contrast, late-run shoreline and lake outlet sockeye return duringggregations of spawners are present simultaneously in all Frazer
August through early September and spawn from late August throughake habitats.
late September. These life history differences provide a biological Sampling locations within Frazer Lake were based on spawner
foundation for understanding colonization success, the populatioabundances documented in ADFG surveys. Fish sampled at-shore
genetics of sockeye salmon, and the relative genetic contributiongne sites were sexually mature, unspawned adults. Sampling in
of the three donor populations to shoreline- and tributary-spawningributaries was conducted >30 m upstream of Frazer Lake. Many of
aggregations in contemporary Frazer Lake. the sockeye salmon in tributaries were spawned-out adults guard
ing redds, but actively spawning and dead fish were also observed.
. Only small numbers of spawners (<20 fish) were observed in other
Population samples areas of Frazer Lake (i.e., in a few small tributaries) and were not
Tissue samples (portions of adipose fin with muscle) of adultsampled. These latter observations were consistent with those of
sockeye salmon were obtained during late summer and fall of 199Barrett (1989) and supported the information from ADFG that the
from each of the three donor populations and from fish spawning aseven sample sites (S1-S3 and T1-T4) represented the major
three shoreline sites and four inlet tributary streams of Frazer Lakepawning locations of sockeye salmon in the Frazer Lake system.
(Figs. 1 and 2). All fish were captured with beach seines and dip/Ve did not sample fish in the outlet of Frazer Lake (above the
nets. Samples from D1, D2, and D3, respectively, were obtained oadult weir and fishpass) because a viable, self-sustaining popula
(i) 2 October (mostly spawned-out sockeye) at the shoreline location of sockeye salmon never became established there.
tion in Karluk Lake where adult fish were originally caught and  Tissue samples were initially frozen at —20°C and subsequently
spawned for the introduction programii)(6 August (actively frozen at —70°C. DNA was extracted from a random subsample of
spawning and spawned-out fish) in the inlet tributary of Red Lake 50 individuals from each of the three donor populations and from
and {ii) 18 August (unspawned ripe adults) in the outlet river of each of the seven Frazer Lake spawning aggregations that we sam
Ruth Lake. Sampling locations and times for the three donor popupled in the field. DNA was extracted using standard proteinase K
lations were based on historic reports and personal communicaand phenol—chloroform extraction techniques followed by ethanol
tions with former employees of the Alaska Department of Fish andprecipitation. DNA concentrations were determined using fluori
Game (ADFG). Each donor population had been historically largemetry; aliquoted stocks of 50 ng-milwere made for all individuals.
in size (thousands of spawners; R. Blackett, P.O. Box 593, Kodiak,
AK 99615, U.S.A., personal communication), consistent with-con . ) )
temporary observations when donor populations were sampled fdidDNA (microsatellite) analysis
our study. We obtained samples of sockeye salmon in the Frazer Six microsatellite loci were used for analysi®neul, Oneu8,
Lake drainage between 4 and 8 August from three shorelin@®ngil1, Oneul3, Onaul4, andOneul8 (for methods and details,
spawning sites (S1-S3) and four Frazer Lake inlet tributaries (T1-see Scribner et al. 1996). All polymerase chain reactions (PCR)
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were 35 cycles in duration (94°C denaturation for 1 min, annealingapplicable to DNA sequence data, based solely on haplotype fre
for 1 min at locus-specific temperatures, and extension at 72°C foquencies independent of sequence relationship (Excoffier et al.
1 min) and were conducted in 28- volumes using approximately 1992).

100 ng of DNA, buffer (10 mM Tris—HCI, pH 8.3, 1.5 mM Mgg£l Genetic similarities among populations were further quantified
50 mM KCI, 0.01% gelatin, 0.01% NP-40 (BioRad), and 0.01% based on genetic distances. The chord metric of Cavalli-Sforza and
Triton-X 100 (Sigma)), and 0.25 units dfaq polymerase (Perkin Edwards (1967) was used to calculate genetic distances between
Elmer). Primer, dNTP concentrations, and annealing temperaturgsopulations based on the six microsatellite loci. This metric has
for each locus were 33 nM primer and 201 dNTP at 60°C  been described as providing robust intraspecific topologies based
(Oneu8), 0.40uM primer and 16QuM dNTP at 54°C Oneu18), on microsatellite allele frequencies (Takezaki and Nei 1996). Given
0.40 mM primer and 160 mM dNTP at 52°@gea113; also in the short period of time (<50 years) between the initial stocking
cluded 2.5% DMSO and Mgglat 2.0 mM), and 0.4@M primer and our sampling of Frazer Lake populations, it was deemed un
and 160uM dNTP at 60°C Oneull). Loci Oneul and Oneuil4 necessary to use other distance metrics that have been advocated
were coamplified using conditions specified by Olsen et al. (1996)for microsatellite data based on allelic length variation. Processes
For these loci, the annealing temperature was 58°C, dNTP cencemost germane to this presentation are migration and genetic drift
tration was 20QuM, Oneaul primers were at 0.18M, and Oneu14 and not the accumulation of mutations postdating the introduction.
primers were at 0.1AM. Pairwise population estimates of the variance in mtDNA haplotype
frequenciesf) were used to estimate genetic distance for mtDNA
(D = -In(1 —0)) as described by Reynolds et al. (1983) (also see
eg. 5.12 in Weir (1996) and associated corrigendum). Matrices of
pairwise genetic distances between samples were used as input for
incipal coordinates analyses (PCA) in order to provide a graphic
presentation of genetic distances in two dimensions. Eigenvector

. . components were scaled such that their sums of squares equaled
1995) and LGL 763 and LGL 764 (ND 5/6; see Cronin et al. 1993),q corresponding eigenvalue (i.e., variance associated with the PC

amplified approximately 1200 a_md 2500 bas? pair segments _Of thSxis). The analysis followed the algorithm of Everitt (1978) for a
cytochromeb and ND 5/6 regions, respectively. PCR reactions gisiance matrix.

were conducted in 50t volumes using 100-500 ng of genomic
DNA, buffer (10 mM Tris—HCI, pH 8.5, 50 mM KClI, f1g bovine
serum albumimL™), 1.5 mM MgCh, 0.2 mM dNTP, 0.1uM
primer, and 1.25-2.5 units dfag polymerase. Amplification was
initiated with a single denaturation phase of 95°C for 4 min and
progressed to 32 cycles of 94°C for 45 s, 50°C for 30 s, and 70°
for 2.5 min. Amplification products for the cytochronteregion
were digested with five restriction enzymeBfd¢l, Bsall, BstEl,
Dpnll, and Rsd) under conditions specified by the manufacturer
(New England Biolabs). PCR products from the ND 5/6 region
were digested with two restriction enzymeSp@ and Tad). The
digests were run on 2% agarose gels with TBE buffer (Sambroo
et al. 1989), stained with ethidium bromide, and photographed un- Smouse et al. (1986).

liraviolet liah haol f' The proportional genetic contributions (i.e., admixture prepor
der ultraviolet light (312 nm). mtDNA haplotypes were defined on yj5nqy of each of the three donor populations to each of the sockeye

83Imon populations in Frazer Lake were estimated by least squares
regression based on the microsatellite allele frequency data (see
Campton 1987). For each allele at each locus, the basic linear
Statistical analysis equation was

Microsatellite allele and mtDNA haplotype frequencies were o - B - )
calculated for each of the three donor populations and for each of Fij = biDjjy + b,Dyjz + b3Dja + g
the seven Frazer Lake spawning aggregations (hereafter referred WhereF; is the frequency of thith allele at theth locus in one of
as “populations”). Deviations of genotypic proportions from the Frazer Lake populations (sampleB), is the frequency of the
Hardy—Weinberg expectations at the microsatellite loci were testedame allele in théth donor populationk = 1, 2, or 3),b,, b,, and
for statistical significanceo( = 0.05) with Fisher’s exact test using b, are the regression coefficients to be estimated and are the pro
GENEPOP (Raymond and Rousset 1995). Significance of multiplgyortional genetic contributions of D1, D2, and D3, respectively, to
P values was adjusted for multiple testing (i.e., number of loci) us a Frazer Lake population (sample), aeglis the residual error
ing a Bonferoni correction (Manly 1985). Estimates of expectedterm, the sum of squares of which is minimized. A total of 50
heterozygosity (under Hardy—Weinberg), direct-count hetero microsatellite alleles were observed (see Results); thus, 50 linear
zygosity, and number of alleles per locus were calculated using thequations were used to estimée b,, andb, for each of the seven
program BIOSYS (Swofford and Selander 1981). Frazer Lake populations. The three regression coefficients were es

EstimatedF statistics (Weir and Cockerham 1984) were used totimated by PROC REG of the SAS statistical package (SAS-Insti
partition allele frequency variation within and among populations.tute Inc., P.O. Box 8000, Cary, NC 27511-8000, U.S.A.) with a no-
Analyses for the six microsatellite loci were conducted usingintercept model (see above) and the restriction that b, + b =
FSTAT (Goudet 1995). An analogous measure of interpopulatiorl.0. The six loci were weighted equally in the regression analyses
variation based on correlations in allele size (Rh¢ Rousset by using the WEIGHT statement of SAS to weight equations for
1996) was estimated as described by Michalakis and Excoffiealleles at thdth locus by 50, wherek equals the number of -al
(1996) using GENEPOP. ThE statistics and Rhg were subse leles at that locus. Without this procedure, loci with more alleles
quently estimated for the Frazer Lake populations and the three davould have been given more weight. The regression analyses were
nor populations. A complementary analysis of mtDNA variation performed with and without the arcsine square root transformation
was also conducted using an analysis of molecular variatiorapplied to all allele frequencies. Analysis of the untransformed al
(AMOVA) in which we calculated a haploid analog &%t (@s7) lele frequencies yielded higher coefficients of determinatiBf) (

MtDNA analysis

Two regions of the mitochondrial genome (cytochroimend
ND 5/6) were surveyed for genetic variation using restriction endo
nuclease digestion of PCR products. Conserved oligonucleotidge
primers LGL 765 and LGL 287 (cytochroni® see Bickham et al.

Mantel analyses (Smouse et al. 1986) were conducted on the
seven contemporary Frazer Lake populations to determine if pair-
wise genetic distances among Frazer Lake populations are corre-
lated with {) straight-line geographic distances among spawning
locales in Frazer Lake oii§ spawning habitat types among sam-
Cpled populations. This matrix regression technique tests for signifi-
cant relationships between a dependent variable (interpopulation
genetic distance) and each of several explanatory independent vari-
ables (geographic distance between spawning locations or spawn-
ing habitat types). The significance of observed matrix correlations
r) was determined using the random permutation tests described

across all restriction enzymes (see Appendix A).
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Table 2. Estimates of Wright's= statistics E, f, 6g; Weir and Cockerham 1984; Goudet 199®); (an Fgr analog;
Excoffier et al. 1992), and RRe (Michalakis and Excoffier 1996) from genetic analyses of six microsatellite loci
and mtDNA of sockeye salmon from three donor populations and from seven populations spawning within Frazer

Lake, Alaska, 1995.

Measure of interpopulation genetic variation

Among donor populations

Among Frazer Lake populations

Locus F f Og7 Rhost F f Og7 Rhost
Onau18 0.057 0.017 0.041* 0.066* 0.009 0.006 0.003 —-0.001
One111 0.048 —-0.032 0.078* —0.005 —0.006 —-0.016 0.009* —-0.002
Onaqi8 0.118 0.081 0.040* 0.005 0.025 0.024 0.003 —-0.002
Oneil 0.141 0.113 0.032* 0.030* 0.039 0.022 0.018* 0.014*
Onaqi14 0.105 0.092 0.015* 0.028* —-0.016 —-0.013 0.003 0.004
Oneu13 0.039 —-0.013 0.052* 0.060* —-0.029 —-0.033 0.003 0.005
Mean 0.081 0.039 0.044* 0.033* 0.002 —0.002 0.004* 0.000
MtDNA (057) 0.062* 0.031*

Note: F, f, and6s; are estimates of;, Fs, andFg;, respectively. P < 0.05.

Fig. 3. PCA plot of Frazer Lake sockeye salmon populations and their putative donor populations on two PC axes (Everitt 1978) based
on allele frequencies at six microsatellite loci (Appendix A) and the chord genetic distance of Cavalli-Sforza and Edwards (1967) (Ap
pendix B). Donor populations D1, D2, and D3 are indicated by solid squares and represent shoreline-, inlet tributary, and outlet-
spawning life history types, respectively. Tributary- (T1-T4) and shoreline-spawning (S1-S4) populations within Frazer Lake are indi
cated by open squares.
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than the analysis of transformed allele frequencies for all sevepopulation variance in allele frequencies at the microsatellite
Frazer Lake populations; consequently, only results based on theci (assessed as medy;) was approximately 10 times
untransformed allele frequencies are presented. Also, poolirg Migreater among the donor populations than among the Frazer
nor alleles W|§h|n samples (frequency <0.05) or setting sample alLake populations (0.044 versus 0.004, respectively)- (Ta
lele frequencies of zero (0.00) to 0.01 had little effect on thel}lee 2). Estimates of interpopulation \'/ariance based on

estimated admixture proportions. Because each donor populatio
consisted of thousands of spawners each year, our analysis tDNA (@) for the donor (0.062) and Frazer Lake popula

sumes that allele frequencies for donor populations have remainddPns (0.031) were more similar than the corresponding sta
constant since introductions into Frazer Lake commenced. Thiéistics based on the microsatellite lo€is¢). For the Frazer
analysis also assumes that allele frequencies for the donor populhake populations®gst based on mtDNA substantially ex
tions have been estimated without error (i.e., fixed parameters). ceeded the corresponding meais; based on the
microsatellite loci, whereas values of the two statistics were
similar for the donor populations. Genotypic proportions at
the microsatellite loci did not deviate significantly from

Allele and haplotype frequencies differed significantly Hardy—Weinberg expectations except at one locus in one
(P < 0.05) among the three donor populations and amongample Onet14, Ruth Lake outlet dono? < 0.05).
the seven Frazer Lake populations, with greater genetie vari Microsatellite allele frequencies and associated genetic
ation among the former (Table 2; Appendix A). Mean inter distances for the Frazer Lake populations were generally in

Results
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Fig. 4. Same as Fig. 3 except that an outlier population (D3) was removed from the analysis and new principle coordinates were de
rived for the remaining nine populations.
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Fig. 5. PCA plot of Frazer Lake and putative donor populations based on mtDNA haplotype frequencies and the genetic distance mea-
sure of Reynolds et al. (1983) (Appendix B). Notations are the same as those in Fig. 3.
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termediate to those distinguishing the Karluk (D1) and Redoopulation (D3) tended to be skewed towards the end of the
Lake (D2) donor populations (Appendices A and B; Fig. 3).observed range of haplotype frequencies, a result consistent
Based on these genetic distances, all four of the Frazer Lakwith this donor population appearing to be a genetic outlier
tributary populations were most similar to the Red Lake-trib based on the microsatellite DNA analysis.
utary donor population (D2), whereas two of the Frazer Genetic distances among the Frazer Lake populations
Lake shoreline populations (S1 and S2) were most similar thased on microsatellite allele frequencies were correlated
the Karluk Lake shoreline donor (D1). The Ruth Lake outletwith spawning habitat type (tributary versus shoreline; Man
population (D3) was clearly an outlier, quite distinct from tel r = —0.337,P = 0.013) but not with their straight-line
the other sampled populations (me&n = 0.232, range (minimal) geographic distances € —0.181,P = 0.220). In
0.209-0.254) (Appendix B). Also, the S3 and T4 Frazercontrast, the mtDNA genetic distances exhibited no censis
Lake populations (Fig. 2) were slight outliers in the PCAtent trend in population genetic similarity among Frazer
plot relative to the other Frazer Lake populations and the D1 ake populations relative to spawning habitat type or-geo
and D2 donors (Fig. 4). graphic distance. Thus, populations in the Frazer Lake sys
Genetic distances among the donor and Frazer Lake-poptem, while differentiated with respect to mtDNA haplotype
lations based on the mtDNA data were not consistent witfrequencies, were not spatially structured by spawning-habi
genetic distances obtained from the microsatellite data (Aptat or geographic proximity based on those frequencies.
pendix B; Fig. 5). In contrast with the microsatellite DNA  The Karluk Lake shoreline donor population (D1) made
data, differences in mtDNA haplotype frequencies amonghe largest estimated genetic contribution to two (of three)
the Frazer Lake populations were substantially greater thashoreline populations in Frazer Lake, whereas the Red Lake
the corresponding difference between the D1 and D2 dondributary donor (D2) made the largest contribution to the
populations. Haplotype frequencies for the Ruth Lake outlefour tributary populations (Table 3). The proportional- ge
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Table 3. Least squares estimates + SE of the proportional ge some anadromous populations exhibit “sea—river-type”-char
netic contribution of three donor populations (D1, Karluk Lake; acteristics and spawn in drainages devoid of lakes (Eiler et
D2, Red Lake; D3, Ruth Lake) to each of seven populations of al. 1992), most are “lake-adapted” forms that reproduce in
sockeye salmon (S1-S3, shoreline spawners; tributary spawnerswatersheds with lacustrine nurseries. The lakes confer sur
T1, Pinnell Creek; T2, Stumble Creek; T3, Linda Creek; T4, vival advantages to juveniles (Burgner 1991; Wood 1995).
Summit Creek) in Frazer Lake, Alaska. Even within a single lake—river system, considerable tempo
ral and spatial variation in spawning and rearing behavior is
present among anadromous forms (Brannon 1987; Burger et

Estimated genetic contribution to Frazer Lake

populations al. 1995). Thus, a wide range of habitats has led to the evo
D1 D2 D3 R? lution of a complex pattern of life history adaptations associ
S1  0.552+0.046*** 0.418+0.039***  0.030+0.032 0.995 ated with migration timing, reproduction, fry emergence,

S2  0.483+0.054** 0.398+0.046**  0.119+0.038*  0.994 and rheotactic orientation of juveniles not seen in other spe
S3  0.119+0.113 0.502+0.097**  0.379+0.080** 0.970 cies of Pacific salmon (Burgner 1991).

Tl 0.273%0.063*** 0.751+0.054*** —0.024+0.045 0.992 Natural colonization of lake-river systems by sockeye
T2 0.441+0.060*** 0.591+0.051** —0.031+0.042 0.993 salmon can be quite rapid following glacial retreats (Milner
T3 0.074+0.084 0.856+0.072***  0.070+0.060 0.986 and Bailey 1989); however, the mechanism by which celoni
T4 0.189+0.095 0.709+0.082**  0.102+0.068 0.980 zation occurs is not well understood. Wood (1995) has sug
Note: R is the coefficient of determination for the multiple geSte.d that sea—rlver-t'ype SOCkeye salmpn are the principal
regression sum of squares® & 0.05; *P < 0.01; ***P < 0.001. colonizers of new habitats following glacial retreats. These

fish are known to inhabit glacially influenced rivers, and ge
netic data for a number of populations suggest that sea—river

netic contribution of the Red Lake donor population to theforms stray more than lake-adapted populations (Wood et al.
four tributary populations in Frazer Lake ranged from 0.591 +1994; Gustafson and Winans 1999). The perplexity is to un
0.051 (T2) to 0.856 + 0.072 (T3). However, the shorelinederstand how ecological and genetic divergence proceeds,
donor population from Karluk Lake appears to have alsgnce initial colonization has occurred via straying. Does the
contributed significantly P < 0.001) to two of those Frazer initial colonizing population subsequently diverge into lo-
Lake tributary populations (T1 and T2). Similarly, the Red cally adapted subpopulations of tributary-, shoreline-, and
Lake tributary donor population appears to have made sigoutlet-spawning fish, or does colonization proceed via multi-
nificant genetic contributions( < 0.001) to all three shore- Ple, independent straying events? Although such questions
line populations in Frazer Lake. The Ruth Lake outlet donor@re not immediately answerable, habitat variability and com-
population (D3) made no detectable genetic contribution tdlexity are thought to be the templates, or driving mecha-
the Frazer Lake tributary populations but may have made 8iSms, that yield diverse, locally adapted populations of
significant contribution Ig; = 0.379 + 0.080;P < 0.001) to  Pacific salmon. As a glacier begins to retreat from a large
shoreline population S3 nearest the lake’s outlet (Fig. 2)lake, the lake’s lateral tributaries may be the first habitats to
These estimated genetic contributions (Table 3) are veryvarm and become colonized, with shoreline and outlet rivers
consistent with the relative positions of the populations incolonized later, as the glacier completes its recession from
the PCA biplots (Figs. 3 and 4) and their underlying genetiche lake proper (Burger et al. 1997). To the extent that such a
distances (Appendix B). In summary, six of the seven FrazeProcess occurs, the lateral tributaries could provide the ini
Lake populations appear to have been derived mostly fronfial colonization habitat for sea-river-type sockeye, a form
donor populations of corresponding life history and spawningknown to stray, and one already adapted for riverine-like
habitat types, but five Frazer Lake populations (S1-S3, T1¢onditions (Wood 1995). Thus, thermally diverse environ

and T2) appear to have been genetically influenced by morBents that develop following glacial recessions may-pro
than one donor. mote natural selection, genetic divergence, and local

adaptation of sockeye salmon (Burger et al. 1997). The in
troduction of three distinct life history forms of sockeye
salmon, presumably preadapted to such conditions in Frazer
Life history diversity and natural colonization Lake, may have been an important factor contributing to

Sockeye salmon exhibit a remarkable diversity of fresh their colonization success.
water life history variation, particularly with respect to tem
poral and spatial aspects of migration, spawning, and rearin@enetic structure of Frazer Lake populations
behaviors (reviewed by Burgner 1991). These adaptations We reject the null hypothesis of a single, panmictic popu
appear to have facilitated natural colonization in an array ofation of sockeye salmon in Fraser Lake based on both the
environments, factors that must be considered in any reintramicrosatellite and mtDNA data. Interpopulation divergence
duction or restoration effort. Several ecological forms ofof mMtDNA haplotype frequencies in the Frazer Lake system
sockeye salmon have evolved: nonanadromous kokanee powas nearly as large as the variation among the donor pepula
ulations, believed to have arisen polyphyletically from -ana tions. These results are consistent with very little gene flow
dromous forms in many lake—river systems (Wood and Footamong Frazer Lake populations, including geographically
1996), lake “residual sockeye” that are the nonmigratory off adjacent populations. Significant differences in micro
spring of anadromous parents (Burgner 1991), and variousatellite allele frequencies further support this interpretation.
anadromous populations that have colonized a large numbédihe microsatellite data also provide strong support that
of drainages throughout the North Pacific Rim. Although Karluk Lake shoreline (D1) and Red Lake tributary (D2} do

Discussion
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nors were the principal contributors to existing shoreline anc¢tchanged temporally since the initial hybridization event (no
tributary spawners, respectively, in Frazer Lake. With oneselection, migration, mutation, or drift), (2) allele frequen
possible exception (S3), the Ruth Lake outlet donor (D3) apcies for the hybrid population are temporally stable and thus
pears to have made little or no genetic contribution to-conreflect the proportional genetic contributions of the donor
temporary Frazer Lake populations. These conclusions angopulations, and (3) all potential donor populations are
supported by our estimates of admixture proportions and bknown and are included in estimation equations. Violation
Mantel analyses. These latter correlations statistically supof the first two assumptions primarily affects the standard
port the argument, based on genetic distances, of greater gerrors of estimates, whereas violation of the third assump
netic similarity among shoreline-spawning populations andion primarily affects the point estimates themselves- De
among tributary-spawning populations than among -geospite these limitations, the various least squares and
graphically adjacent populations. Indeed, the Mantel analymaximum likelihood methodologies generally yield similar
sis allowed us to reject the alternative hypothesis thatesults when applied to a particular data set (Chakraborty
geographic proximity or distance is the primary determinantL986).
of the observed genetic distances. Such a result is remark Our estimates of admixture proportions for Frazer Lake
able given the recent ancestry of these populations in a sypopulations must therefore be interpreted in the context of
tem as small as Frazer Lake. The most parsimoniouswo potential sources of error. First, our standard errors of
explanation for this relationship is one involving commonthe estimates are undoubtedly less than their true values
ancestral origins among the shoreline spawners and amorigcause of an unknown amount of genetic and statistical
the tributary spawners in Frazer Lake. sampling error (assumptions 1 and 2 of the preceding-para
Genetic distances and relationships derived from theyraph). Despite these uncertainties, an arbitrary doubling or
mtDNA data were not consistent with those obtained fromtripling of our standard errors still yields estimates that-sup
the microsatellite data. Whereas the microsatellite datg@ort detectable genetic contributions by both Karluk Lake
yielded a predictable pattern of population structure and doshoreline donors (D1) and Red Lake tributary donors (D2) to
nor relationships based on life histories and habitat typedj) two of the four tributary populations (T1 and T2) and
genetic distances among populations based on mtDNA ag#) two of the three shoreline populations (S1 and S2) in
peared to be random. The two sets of markers thus yieldeBrazer Lake, with contributions skewed towards the donor
fundamentally different results with respect to the relativepopulation of the same life history type. These estimates
genetic distances among the sampled populations. thus provide clear genetic signals regarding the population
We suggest that significant female founder effects andlynamics of the colonization process. Second, we have as-
subsequent genetic drift of mtDNA haplotype frequenciessumed that all potential donor populations are known and
within Frazer Lake may have been the principal causes overe accurately included during our field sampling based on
the inconsistency between the microsatellite and mtDNAthe well-documented stocking history of sockeye salmon in
data. We assume that both mtDNA and microsatellite allele§razer Lake. However, we cannot exclude the possibility that
are effectively neutral markers, particularly over the timeone or more unknown donor populations may have contrib-
span since colonization of Frazer Lake began. Over suchted genetically to Frazer Lake populations via natural stray-
short periods of time, mutational rate differences betweering. As described previously, natural straying is a life history
the two types of markers can be excluded as the source éfrategy of sockeye salmon that allows rapid colonization of
the inconsistency. However, mtDNA markers are substannewly deglaciated lakes and watersheds (Burgner 1991;
tially more sensitive to “bottlenecks” and founder effects be Wood 1995). The presence of several alleles in one or more
cause of a fourfold lower effective population sizB Frazer Lake populations (e.gQn@111*138 in S3 and T4),
compared with nDNA markers (Birky et al. 1983). The coupled with their absence in samples from known donor
nearly 10-fold highesy for mtDNA versus the measrat ~ populations, is consistent with a possible straying influence.
the six microsatellite loci (i.e., for the Frazer Lake popula Additional sampling and study are thus desirable to test this
tions) is consistent with expectations for populations underlatter hypothesis.
going founder effects and genetic drift due to dynamic
changes in abundance and low effective population sizescological considerations and local adaptation
Similar values oBsr and®gr among the three donor popula  The life history characteristics of the sockeye salmon do
tions are consistent with expectations for long-standing popnor populations appear to have provided the fundamental bi
ulations in migration—drift equilibrium. We thus believe that ological capabilities for survival and successful colonization
the microsatellite data provide a much more accurate recordf ecologically distinct spawning habitats in Frazer Lake. In
of population ancestries in Frazer Lake than the mtDNAa relatively small system such as Frazer Lake, historic stray
data. Estimates of admixture proportions and donor contriing over time could be expected to homogenize gene fre
butions were thus based strictly on the microsatellite data. quencies. For example, transplanted salmonids are known to
Estimating the proportional genetic contribution of two or stray more than indigenous populations (Quinn 1993).-Nev
more donor populations to a genetically admixed hybridertheless, distinct populations of shoreline- and tributary-
population is a fundamental problem in population geneticspawning sockeye salmon appear to exist in Frazer Lake de
(Chakraborty 1986; Long 1991). Multilocus methods basedspite their relatively recent introduction. Although paired
on least squares and maximum likelihood have been devehdults were observed in the lake’s outlet in the late 1970s
oped, but all of these methods are limited by three underly(Blackett 1979), colonization did not occur in this area,-pos
ing assumptions: (1) allele frequencies for the donorsibly because stocking with Ruth Lake outlet donors oc
populations are estimated without error and have noturred in only one year and because minimal spawning
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habitat exists between the lake’s outlet and the fishpass. Imediated founder effects, consistent with genetic observa
addition, during the mid- to late 1980s, the fishpass was detions based on mtDNA data, but may also reflect fluctuating
liberately closed in mid-August to prevent overescapemendcean conditions and varying smolt-to-adult survivals. -Con
into the lake, and this closure may have precluded developsequently, sockeye salmon in Frazer Lake may still be in a
ment of late-run outlet spawners. In prior years, the fishpasformative stage of adaptive evolution.
remained open through August and sometimes into Septem Genetic analyses of sockeye salmon in other Alaskan
ber, thus providing adults access to diverse spawning-habjrainages (Burger et al. 1995, 1997) indicate that genetic di
tats at times conducive to the development of early and latgergence within lakes is typically associated with variations
life history forms (Russell 1972; Blackett 1979). Frazerin seasonal run timing and spawning behavior, not with-geo
Lake habitats were thus available for colonization by-dis graphic distance between spawning habitats within the drain
crete early and late seasonal runs of sockeye salmon fgfge, results consistent with those reported here for Frazer
more than 30 years after the first transplant’s occurred in gke. Indeed, other investigators have found no clear geo
the drainage. graphic pattern in allozyme frequencies among sockeye
Establishment of distinct early- and late-run spawners insalmon populations in different lakes despite a rather large
Frazer Lake (in its tributaries and shorelines, respectivelysampling effort across the Pacific Northwest (Winans et al.
may have occurred quite early during the colonization-pro 1996). Moreover, allele frequencies among distinctly differ
cess. Sockeye salmon colonized the lake’s inlet tributariegnt ecological forms within a lake appear to remain stable
first (by 1964) and then the shorelines (Meehan et al. 1965yver time (Altukhov and Salmenkova 1991). Such results
Russell 1972). In 1987, Barrett (1989) found substantiaimply little within-lake straying among populations and-im
numbers of shoreline spawners during the first apparenglicate the nursery lake as a principal foundation for local
spawning survey conducted in late September at Frazejdaptations, further supporting the coexistence of genetically
Lake. Consequently, shoreline spawning during late Septentliverged subpopulations within surprisingly small spatial
ber was probably occurring in earlier years but was not obscales (Wood 1995). Sockeye salmon home to lake-
served. Monthly estimates of annual escapements of sockeygsociated streams with a high level of precision, possibly
salmon into Frazer Lake during the late 1960s suggestecause natal lake systems have more distinctive odors than
bimodality in run timing with a large escapement peak fromisolated rivers and streams (Quinn 1985). The homing in-
late June through early July and a second, sometimesinct thus provides an adaptive mechanism for fine-scale ge-
smaller peak from late July through early August (Russellnetic structuring. The disjunct nature of genetic divergence
1972). These data suggest that early and late runs of sockeggnong sockeye salmon populations may be associated with
salmon (primarily reflecting tributary and shoreline spawn-the mosaic of available spawning habitats and the apparent

ers, respectively) were already developing in Frazer Lake byrecise degree to which adults home to nursery lakes and na-
the late 1960s, with run and spawning times approximatinga| streams (Winans et al. 1996).

those of early-run Red Lake tributary donors (Blackett 1979)
and late-run Karluk Lake shoreline donors (Gard et al. 1987).
Also, Frazer Lake appears to have provided the necessaManagement implications
range of thermal characteristics (Meehan et al. 1965) opti Numerous studies have addressed concerns about -match
mal for successful colonization by both early and late- seaing genetic characteristics of donor populations with those
sonal forms of Alaskan sockeye salmon (Burger et al. 19950¢f recipient populations and environments. Investigators fre
1997). quently mention the need for monitoring and evaluation of
Populations of sockeye salmon in Frazer Lake may notntroduction and restoration programs (Krueger et al. 1981;
have yet reached a state of demographic or genetic equilibVaples 1991), especially for hatchery supplementation of
rium. Substantial changes in the relative abundance, spawmatural populations (Allendorf and Waples 1996). However,
ing distribution, and age structure of sockeye salmon ircomparatively little attention has been focused on the impor
Frazer Lake have occurred since the colonization process bénce of life history traits and other heritable phenotypic
gan (<10 generations). For example, in 1977 and 1978¢haracteristics (Hard 1995). Collectively, our results suggest
nearly 84% of all sockeye salmon escaping to Frazer Lakéhat successful introductions of anadromous salmonids are
spawned between 20 July and 20 August in a single inlepossible if the life history traits of the donor populations are
tributary, Pinnell Creek (Blackett 1979). In 1987, however,compatible with habitat conditions in proposed areas of re
peak tributary spawning of sockeye occurred during the thirdease. Geographically, life history variation of sockeye
week of August, whereas shoreline spawning occurre¢almon may reflect adaptive convergence in similar habitats
through late September (Barrett 1989). In addition, the numamong different drainages and may provide biologists with
ber of shoreline spawners in 1987 was, for the first time, apthe opportunity to more fully understand the colonization
proximately twice the number of spawners observed irprocess and the origin of within-species variation. In other
Pinnell Creek in earlier years. These observations indicateords, life history characteristics may be the key to success
that the population dynamics of sockeye salmon in Frazeful colonization of newly opened habitats and not the abso
Lake have been in flux and that the number of shorelindute genetic or geographic distances between potential donor
spawners increased substantially during the 1980s. Moreand recipient populations. The findings of this study imply
over, the predominate age-class of adult sockeye salmon ithat managers should first consider adaptive phenotypic
Frazer Lake has fluctuated greatly over the past 30 yearsaits in salmonid restoration or introduction programs. In
(Kyle et al. 1988; Barrett 1989; Swanton 1992). Chronologi the case of sockeye salmon, habitat-specific spawning re
cal “pulses” by specific age-classes may represent donoguirements need to be considered, but other characteristics
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such as run and spawning times and juvenile behavioral paand Management between Michigan Department of Natural
terns also need attention. Resources and the Department of Fisheries and Wildlife,
Given the need for careful consideration of life history re Michigan State University. We thank Anthony Gharrett,-An
guirements and reproductive adaptations, our results furthetrew Hendry, Charles Krueger, and Jim Seeb for reviewing
suggest that genetic diversity can be maintained in salmoan earlier version of this manuscript. Bobbi Pierson-per
restoration programs. Contemporary spawners at Frazdormed the microsatellite analyses and Steve Miller oversaw
Lake have retained high levels of within-population geneticmtDNA analyses. Bill Schrader, Jerry Sisemore, Tony
variability and between-population phenotypic variability, Chatto, and Jim Larson collected the samples used for this
commensurate with the donor populations from which theyinvestigation. Roger Blackett, a former employee of the
were established. In addition to colonizing new habitatsADFG, provided many helpful specifics about the donor
quickly following glacial recessions, genetic divergence ofsources and the initial introductions at Frazer Lake. Dana
ecologically different forms of sockeye salmon can occurSchmidt and Larry Malloy provided many helpful ideas and
within relatively short (<2000 years) geologic time framesinput for this study. We particularly appreciate the logistic
(Burger et al. 1997). Apparently, the diverse habitats avail support and help from Tony Chatto, Jay Bellinger, and the
able at Frazer Lake enabled rapid colonization by sockeystaff of the Kodiak National Wildlife Refuge, whose knowl
salmon donor populations already adapted for such eondiedge and assistance assured success of this project.
tions. Further, and as seen in other portions of their native
range, the homing fidelity of sockeye salmon coupled with
habitat-related differences in run timing can impede geneﬁeferences
flow significantly and thus reinforce local adaptations acrossllendorf, F.A., and Seeb, L.W. 2000. Concordance of genetic di
microgeographical spatial scales. vergence among sockeye salmon populations at allozyme, nu
In conclusion, our study provided a unique opportunity to clear DNA, and mitochondrial DNA markers. Evolutiof:
compare genetic relationships among recently founded pop 640-651.
ulations of sockeye salmon in Frazer Lake, Alaska, withAllendorf, F.A., and Waples, R.S. 1996. Conservation and genetics
those of three putative donor populations that were deliber- ©of salmonid fishesln Conservation genetics: case histories from
ately introduced into a lake initially devoid of this species hature.Edited byJ.C. Avise and J.L. Hamrick. Chapman and
and other anadromous salmonid fishes. Such comparisons Hall. New York. pp. 238-280. _
are rare, particularly for situations where the time frames oftltukhov, Y.P., and Salmenkova, E.A. 1991. The genetic structure
colonization are well established and stocking histories are ©f salmon populations. Aquaculturég: 11-40. .
known. In most cases, donor sources and stocking intensitigdTétt, B.M. 1989. Frazer Lake sockeye salmon investigations,
are not completely known (e.g., Hendry et al. 1996). In the_ 1987 Alaska Dep. Fish Game Tech. Fish. Rep. 89-03. .
case of Frazer Lake, accurate records were maintained thgfcknam. J-W., Wood, C.C., and Patton, J.C. 1995. Biogeographic
described in detail the oriqi d stocki int ity of th implications of cytochromd sequences and allozymes in sock-
gin and stocking intensity of the i
ancestral donors, the life history stages introduced, the areﬁreyecpvr\}col\;gncg%sa n.? r@;n‘zj' 'I:-|uerre ?'8P6 ’ 1%%03_%;‘45 ht
in which the donors were released or transplanted, and the ky, C.W., Maruyama, T., ersh - ' bproach fo pob-

. - . ulation and evolutional enetic theory for genes in mitochondria
methods used to accomplish the introductions (Blackett 1979). ;4 chloroplasts, and Zo?ne results. genenjgs 513-527.
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leading to successful colonization. Nevertheless, concermBurger, C.V., Finn, J.E., and Holland-Bartels, L. 1995. Pattern of
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Appendix A. Proportions of alleles (six microsatellite loci and mtDNA composite haplotypes) from samples representing
different life history forms of sockeye salmon: lake shoreline, inlet tributary, and lake outlet spawners.

Locus/allele Shoreline Tributary Outlet
(or haplotype) D1 S1 S2 S3 D2 T1 T2 T3 T4 D3
Oneul8
169 — — — — — 0.010 — — 0.010 —
171 0.470 0.459 0.441 0.490 0.423 0.412 0.469 0.471 0.551 0.230
173 0.030 0.010 0.039 0.030 0.019 0.010 — 0.010 — —
175 — — — — — — — — 0.010 0.010
179 — — — — — — 0.010 — — —
181 0.090 0.143 0.137 0.150 0.221 0.147 0.146 0.265 0.153 0.180
185 0.390 0.388 0.373 0.320 0.337 0.422 0.375 0.245 0.276 0.550
187 — — 0.010 — — — — — — 0.030
189 0.020 — — 0.010 — — — 0.010 — —
N 50 49 51 50 52 51 48 51 49 50
Onau11
138 — — — 0.050 — — — — 0.030 —
144 0.050 0.050 0.029 — — 0.029 0.030 0.010 0.010 0.100
146 0.010 — — — — — — — — —
148 0.750 0.790 0.745 0.650 0.846 0.824 0.810 0.755 0.730 0.530
154 0.190 0.160 0.226 0.300 0.154 0.147 0.160 0.235 0.230 0.370
N 50 50 51 50 52 51 50 51 50 50
Onau8
192 — 0.020 — 0.010 — — — — 0.010 —
196 — — — — — — — — — 0.010
198 0.052 0.051 0.070 0.110 0.096 0.100 0.070 0.073 0.100 0.204
200 0.010 0.031 0.012 — — 0.010 — 0.021 — 0.041
202 0.010 0.082 0.012 0.010 0.019 0.020 0.010 — — 0.020
204 0.521 0.449 0.570 0.530 0.404 0.540 0.570 0.573 0.540 0.245
206 0.281 0.153 0.174 0.150 0.212 0.150 0.140 0.135 0.090 0.235
208 0.010 0.020 — 0.010 0.010 — 0.010 0.010 0.030 0.020
210 0.031 0.112 0.047 0.130 0.106 0.050 0.060 0.073 0.050 0.010
212 — — — — 0.010 — — — 0.010 0.020
214 0.063 0.082 0.081 0.030 0.019 0.050 0.070 0.042 0.030 0.184
216 — — — — — — — — 0.040 —
218 0.021 — 0.035 0.020 0.125 0.080 0.070 0.073 0.100 —
226 — — — — — — — — — 0.010
N 48 49 43 50 52 50 50 48 50 49
Onaul
112 0.092 0.070 0.078 0.170 0.029 0.020 0.082 0.040 0.080 0.180
114 0.847 0.880 0.882 0.810 0.933 0.971 0.918 0.940 0.900 0.780
116 0.051 0.050 0.029 0.020 0.039 0.010 — 0.020 0.020 0.040
118 0.010 — 0.010 — — — — — — —
N 49 50 51 50 52 51 49 50 50 50
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Locus/allele Shoreline Tributary Outlet
(or haplotype) D1 S1 S2 S3 D2 T1 T2 T3 T4 D3
Oneuld
131 — 0.010 — — — — — — — —
133 0.010 — — — — — — — — 0.070
135 0.021 0.041 0.069 0.070 0.039 0.069 0.030 0.100 0.080 0.110
139 0.010 0.010 0.029 — — 0.010 — 0.020 — —
141 0.031 — — — — — — — — 0.010
143 — 0.010 — — — — — — — —
145 0.813 0.776 0.726 0.710 0.817 0.735 0.740 0.740 0.680 0.700
147 0.042 0.010 0.029 0.010 0.010 0.029 0.020 0.020 0.060 0.010
149 0.073 0.133 0.147 0.210 0.135 0.157 0.190 0.110 0.180 0.060
151 — — — — — — — — — 0.010
153 — 0.010 — — — — 0.020 0.010 — 0.010
155 — — — — — — — — — 0.020
N 48 49 51 50 52 51 50 50 50 50
Onau113
160 0.490 0.398 0.402 0.280 0.279 0.333 0.350 0.270 0.310 0.380
162 0.100 0.082 0.039 0.060 0.019 0.049 0.070 0.060 0.030 0.030
164 — — — — 0.010 0.010 0.010 — — —
168 0.400 0.520 0.559 0.660 0.683 0.608 0.570 0.670 0.660 0.560
170 — — — — 0.010 — — — — —
172 0.010 — — — — — — — — 0.030
N 50 49 51 50 52 51 50 50 50 50
Mean Hpc 0.464 0.471 0.486 0.493 0.425 0.443 0.472 0.410 0.519 0.536
Mean Hy 0.480 0.484 0.480 0.510 0.433 0.437 0.452 0.451 0.476 0.568
mtDNA
ABBBABA 0.563 0.765 0.667 0.431 0.612 0.529 0.500 0.381 0.660 0.396
AAAABAA 0.208 0.216 0.275 0.333 0.163 0.333 0.417 0.405 0.320 0.453
AAAABAB 0.063 — 0.039 — 0.061 0.078 0.063 0.024 — 0.038
AAABABA — — — 0.020 — — — — — 0.019
AAABABB 0.021 — — — — — — — — —
AABABAA 0.021 0.020 — 0.098 — 0.020 0.021 0.024 — 0.019
AABBABA — — — — 0.041 — — 0.071 — 0.019
ABAABAA — — — — 0.082 — — 0.048 — 0.038
ABAABAB — — — — — — — — — 0.019
ABABABA 0.104 — 0.020 0.118 0.020 0.039 — 0.024 — —
ABBABAA 0.021 — — — — — — — — —
ABBBABB — — — — — — — — 0.020 —
BAAABAA — — — — — — — 0.024 — —
BBAABAA — — — — 0.020 — — — — —
N 48 51 51 51 49 51 48 42 50 53
Haplotype diversity 0.625 0.368 0.479 0.680 0.585 0.603 0.572 0.684 0.463 0.636

Note: Samples include three donor populations (D1, Karluk Lake; D2, Red Lake; D3, Ruth Lake) once used to introduce sockeye salmon into
Frazer Lake, Alaska, and sockeye salmon spawning in Frazer Lake shoreline sites (S1-S3) and inlet tributaries (T1, Pinnell Creek; T2, Stumble
Creek; T3, Linda Creek; T4, Summit Creek) during 1995. Allele designations for microsatellite loci are in base pairs. mtDNA composite
haplotypes are individual restriction fragment length polymorphisms in the &f&rBsall, BsEl, Dpnll, and Rsd (cytochromeb region) and
Apad and Tad (ND 5/6 region).N is the number of fish in each sampldy. and H,,, refer to direct-count and Hardy—Weinberg expected values

of heterozygosity, respectively.
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Appendix B. Pairwise genetic distances between samples of sockeye salmon from three donor source lakes (D1, Karluk
Lake; D2, Red Lake; D3, Ruth Lake), three populations spawning at shoreline sites (S1-S3), and four populations spawning in
Frazer Lake, Alaska, tributaries (T1, Pinnell Creek; T2, Stumble Creek; T3, Linda Creek; T4, Summit Creek).

Shoreline Tributary Outlet

D1 S1 S2 S3 D2 T1 T2 T3 T4 D3
D1 — 0.0354 0.0014 —-0.0128 —0.0032 —0.0026 0.0271 0.0431 0.0143 0.0765
S1 0.144 — —-0.0018 0.1101 0.0203 0.0566 0.0951 0.1507 0.0069 0.1808
S2 0.114 0.125 — 0.0470 0.0027 0.0027 0.0256 0.0681 —0.0153 0.0898
S3 0.173 0.158 0.136 — 0.0511 0.0022 0.0077 0.0005 0.0449 0.0193
D2 0.172 0.167 0.137 0.143 — 0.0175 0.0511 0.0664 0.0173 0.1099
Tl 0.143 0.139 0.089 0.152 0.108 — —-0.0123 0.0077 0.0039 0.0223
T2 0.152 0.143 0.120 0.143 0.130 0.096 — —0.0032 0.0171 —0.0017
T3 0.153 0.152 0.106 0.134 0.121 0.103 0.119 — 0.0591 —-0.0125
T4 0.187 0.187 0.151 0.131 0.145 0.137 0.135 0.131 — 0.0731
D3 0.209 0.214 0.211 0.242 0.254 0.233 0.234 0.238 0.251 —

Note: Pairwise distances are based on six microsatellite nDNA loci and the Cavalli-Sforza and Edwards (1967) genetic chord distance (below
the diagonal) and mtDNA haplotype frequencies and the metric —Ir)lof Reynolds et al. (1983) (above the diagonal).
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